applied a high-temperature (50 °C) incubation to enhance diffusion, before lowering the temperature to 37 °C for efficient hybridization. To improve the signal-to-noise ratio, we quenched the autofluorescence using sodium borohydride and optically cleared the tissue with xylene. (Supplementary Fig. 1 ). The method did not require molecular amplification, could be performed in 2 d, and was compatible with immunostaining ( Supplementary  Fig. 2) . A stepwise protocol and comparison with preexisting approaches are described in the Supplementary Protocol, Supplementary Note 1 and Supplementary Figure 1 .
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To validate the specificity of our approach, we compared wild-type with transgenic flies in which GFP was expressed in neurons expressing pigment-dispersing factor (PDF). PDF neurons are part of the circadian pacemaker network and consist of two groups, four large ventrolateral neurons (l-LNvs) and four small ventrolateral neurons (s-LNvs), in each hemisphere 8 . Brains labeled with FISH probes targeting GFP and PDF mRNAs with different dyes were imaged on a confocal microscope and revealed the characteristic two groups of l-LNvs and s-LNvs on each side of the brain. GFP-coding mRNA signal was not observed outside of the PDF neurons or in wild-type flies, confirming the specificity of the hybridization (Fig. 1b) .
To determine whether we could resolve lower-abundance mRNAs, we probed timeless (tim) mRNA, which codes for a transcription factor that cycles daily 9 and regulates the circadian cycle. We acquired confocal images of wild-type files entrained at zeitgeber times (ZT) 2 and 14, and we observed a strong tim signal in PDF neurons at ZT14, whereas the intensity was much lower at ZT2, consistent with previous reports (Fig. 1c,d and Supplementary Fig. 3 ) 10, 11 .
Because of its multiplexing potential, the technique lends itself to multiple applications. FISH can be a powerful characterization and validation tool for the rapidly expanding collections of genetic lines used in neuroscience and optogenetics. Three splitGal4 fly lines with expression in cell types (Mi1, Mi4, Mi9) 12 with known neurotransmitter expression (F.P. Davis, S.R. Eddy and G.L. Henry, personal communication) were crossed with the UASmyr::HaloTag line to generate expression of a HaloTag reporter in the desired neurons 13 . The HaloTag protein was labeled with a fluorescent ligand (Online Methods), and FISH probes were simultaneously hybridized to mRNAs from genes involved in distinct neurotransmitter pathways (Gad1, vGlut and Chat, associated with GABAergic, glutamatergic and cholinergic transmission, respectively) labeled with three different dyes. The overlap between the neurons containing the HaloTag and those with the FISH signals confirmed the expected neurotransmitter signatures (Supplementary Fig. 4) . We then interrogated the expression of the three genes associated with distinct neurotransmitter pathways. We describe a fluorescence in situ hybridization method that permits detection of the localization and abundance of single mrnas (smfish) in cleared whole-mount adult Drosophila brains. the approach is rapid and multiplexable and does not require molecular amplification; it allows facile quantification of mrna expression with subcellular resolution on a standard confocal microscope. We further demonstrate single-mrna detection across the entire brain using a custom bessel beam structured illumination microscope (bb-sim).
Quantitative
Brain development and function require the expression of select genes at specific times in appropriate neurons. Because of the wealth of genetic tools available, Drosophila has emerged as an important model system for identifying the gene networks underlying neuron types and functions [1] [2] [3] . Existing approaches that quantify gene expression using sequencing methods mainly rely on isolated cell populations, in which neurons are extracted from their native context. RNA fluorescence in situ hybridization (FISH) is a powerful technique that allows measurement of mRNA levels with subcellular resolution within preserved tissue [4] [5] [6] , but its application to adult Drosophila brains has proved difficult owing to limited probe penetration and sample autofluorescence. Here we develop a simplified, robust whole-mount RNA FISH method for adult Drosophila brains that connects gene expression with neuronal identity and functional anatomy. Whole-mount imaging is advantageous as compared to sectioning-based methods because it does not require extensive sample preparation (serial sectioning, labeling, mounting, imaging) or post-imaging analysis (stitching, registration). By optimizing processing and clearing, we demonstrate whole-brain multiplexed mRNA quantification using a standard confocal microscope. Upon imaging with a custom Bessel beam structured illumination microscope, individual mRNA molecules can be detected and counted throughout the entire cleared brain.
An overview of the method is shown in Figure 1a . To facilitate probe penetration, we treated the tissue with 5% acetic acid 7 and Resulting confocal stacks (Fig. 1e, Supplementary Video 1) display non-overlapping spatial patterns of expression, suggesting minimal coexpression of these neurotransmitters ( Supplementary  Fig. 5 ). Such multiplexing experiments provide a rapid, powerful tool to link gene expression patterns to brain-wide architecture, function and connectomics.
mRNA localization has been proposed to regulate local translation, particularly in neurons 14 . However, this remains mostly untested in animals because single-mRNA imaging in the large volumes relevant to tracing neuronal connections in vivo is challenging. Hence, we sought to detect the location of single molecules in whole-mount tissue. We built a custom Bessel beam selective plane illumination microscope, engineered to image in medium matched to the measured refractive index (RI) of xylene-cleared Drosophila tissue, to avoid aberration and scattering. The thin light sheet provides axial resolution of 0.3 µm, ~3× better than that of confocal microscopy. Excitation through two orthogonally mounted objectives allows structured illumination (SIM) resolution enhancement for lateral resolution of 0.2 µm. (Fig. 2a, Supplementary Fig. 6 , Online Methods, Supplementary Note 2) 15 .
The multiple nascent pre-mRNAs at the locus of a transcribing gene typically generate a bright nuclear focus when imaged with FISH 4 . We imaged various fly lines differing in the location or number of genomic insertions of a GFP reporter gene (all under the control of a Pdf driver). Lines harboring the reporter gene in a single insertion site (attP2 or attP18) displayed zero or one bright focus in each of the PDF neurons, but never two foci per nucleus (Fig. 2b) . In contrast, flies with the reporter gene in two insertion sites (attP18; attP2) frequently displayed two foci per nucleus. Only transcriptionally active alleles should give rise to visible nuclear foci by FISH. Indeed, the probability of observing tim nuclear foci in s-LNvs increased fivefold between ZT2 and ZT14, whereas the probability of observing Pdf foci displayed little variation (Supplementary Fig. 7) . These results agree with findings that tim transcription is reduced at ZT2, while Pdf transcription does not substantially change over the daily cycle 11 . In order to detect single molecules, flies with the Pdf-Gal4 reporter expressing GFP in PDF neurons were hybridized with probes targeting the Pdf and the Gfp transcripts in separate colors, and high-resolution BB-SIM volumes containing the PDF neurons were acquired (Fig. 2c) , revealing diffraction-limited foci of the GFP-encoding mRNAs in the PDF neuron cell bodies. Individual endogenous Pdf mRNAs within the cell bodies were too dense to be resolved as individual molecules (left panel in Fig. 2c) . Using an algorithm to characterize the individual spots 16 , the brightness of the mRNAs typically appeared as a unimodal intensity distribution above the fluorescent background (Supplementary Fig. 8) , consistent with individual mRNAs. A characteristic of single-mRNA detection is that the intensity of detected mRNAs remains constant regardless of the expression level. To demonstrate this, we used a set of reporter lines with increasing number of upstream activating sequence (UAS) elements upstream of the GFP reporter, generating increasing levels of GFP expression in the PDF neurons 17 (Supplementary Fig. 9 ). When imaging those brains at high resolution (Fig. 2d) , lines with increasing number of UAS elements displayed an increased number of spots per cell; importantly, the brightness of individual spots did not vary, confirming detection of individual molecules (Fig. 2e) .
Tissue thickness can decrease detection efficiency because of aberrations and scattering. To assess the impact of tissue depth on detection performance, we imaged the distribution of fluorescence intensities and spot sizes of tim mRNAs in different brain regions. Spot intensities and sizes were constant through the entire brain sample, suggesting that depth had a minimal impact on detection quality (Fig. 2f,g, Supplementary Fig. 8g) .
We demonstrated the potential of the technique by quantifying the absolute expression of tim in PDF neurons at ZT2 and ZT14 (Fig. 3a,b) . These results are in agreement with confocal measurements of total intensity ( Fig. 1d and Supplementary Fig. 3 ) and previous findings 11 . They provide the basis for absolute gene expression studies at the scale of the entire brain.
While most PDF mRNAs localized to neuronal cell bodies, some molecules were visible in processes (Fig. 3c-f) . PDF mRNA levels decreased with increasing distance from cell bodies, which is similar to what is observed in mammalian neurons in culture 14 . Interestingly, the distribution of PDF mRNAs along processes differed between s-LNvs and l-LNvs. However, this difference was not observed for mRNAs of a control transgene, suggesting cell-type-specific regulation of localization ( Fig. 3f and Supplementary Fig. 10 ).
Whole-mount mRNA FISH enables the interrogation of gene expression levels at the single-cell level using a standard confocal microscope. Because of its simplicity and versatility (it is multiplexable and compatible with HaloTag labeling and immunofluorescence), we expect this to constitute an important tool for addressing the cellular and molecular basis of brain function. When combined with high-resolution microscopy, wholemount mRNA FISH can detect and count individual molecules within an intact entire brain. This permits visualizing neuronal architecture and connections simultaneously with the levels and localization of mRNA expression. Whole-mount smFISH could be extended through spectral or sequential barcoding in order to multiplex large numbers of mRNA species in each sample 6, 18, 19 . Combined with the powerful genetic tools inherent to Drosophila, this technique is a unique tool to address questions such as the role of mRNA localization in memory formation. methods Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. moved in z, and the imaging repeated, and so on to image the 3D volume. In this work, we collected 11 images (phases) in x and y, setting the annulus aperture to achieve a FWHM of the beam intensity profile of 350 nm at the waist. The resolution after SIM analysis, measured on fluorescent beads with 560 nm excitation, is 200 × 200 × 290 nm (FWHM). Sample treatment is identical to that for confocal samples through the clearing step. After clearing, the samples are mounted on 1.5 × 3 mm polylysine-coated coverslips, and held in xylene until imaging.
Image analysis. Image analysis details are discussed in Supplementary Note 3.
Code availability. Image analysis code will be made available on github: https://github.com/timotheelionnet/Long_Drosophila_ mRNA_Analysis. Supplementary  Table 2 . All other data are available from the authors on reasonable request.
Data availability. Probe sequences are listed in

